INTRODUCTION {#SEC1}
============

MicroRNAs (miRNAs) are a class of small non-coding RNAs about 22-nucleotide (nt) in length that collectively regulate more than half of the protein-coding genes in human cells ([@B1],[@B2]). They play a key role in many, if not all, known biological pathways. As a master regulator, miRNA itself is also subject to regulation ([@B3]). Aberrant miRNA expression has been discovered in various diseases including cardiovascular disease, diabetes and cancer ([@B4]--[@B7]). This highlights the importance of clarifying the mechanisms by which biogenesis is controlled.

Typically, miRNA genes are transcribed by RNA polymerase II (Pol II) into primary miRNAs (pri-miRNAs), where one or more miRNAs hairpins are embedded ([@B8]). Some miRNAs share the same promoter with the host protein-coding gene while the others possess an independent transcriptional unit ([@B9],[@B10]). Although the majority of miRNAs are encoded in the intron, about 10% of miRNA hairpins are found in the exon of host transcripts ([@B9],[@B11]--[@B13]). The ribonuclease (RNase) III enzyme Drosha interacts with its cofactor DGCR8 (DiGeorge syndrome critical region gene 8) to form the Microprocessor, initiating miRNA maturation by cleaving pri-miRNAs to ∼60--70 nt precursor miRNAs (pre-miRNAs) in the nucleus ([@B14]--[@B17]). The pre-miRNA is then exported via Exportin-5 into the cytoplasm, where it is further processed by Dicer and subsequently loaded onto RISC (RNA-induced silencing complex) to exert its function ([@B18]--[@B21]). Depending on the degree of sequence complementarity between the miRNA and its target, RISC can induce either site-specific cleavage and/or non-cleavage repression, the latter of which consists of translational inhibition and/or enhanced mRNA degradation ([@B22]--[@B24]).

As the enzyme licensing miRNA production, Drosha is critical for miRNA biogenesis ([@B25]). Human Drosha contains two RNase III domains (RIIIDa and RIIIDb) and a dsRNA-binding domain (dsRBD) in the C-terminus, proline-rich and arginine/serine-rich domains in the N-terminus and a central domain in the middle ([@B26],[@B27]). The N-terminal domain of Drosha is not required for pri-miRNA processing activity *in vitro*, but is essential for nuclear localization ([@B16],[@B26]). Phosphorylation of Serine300 and Serine302 by glycogen synthase kinase 3 β (GSK3β) in the R/S-rich domain has been identified as its putative nuclear localization signal (NLS) ([@B28],[@B29]).

Drosha was identified as a nuclear protein more than a decade ago ([@B25]). However, recent studies suggest that the subcellular localization of Drosha is subject to regulation. Drosha is redistributed to cytoplasm during Sindbis virus infection to cleave viral RNA independently of DGCR8 ([@B30]--[@B33]). Drosha and DGCR8 are colocalized with the adherens junctions of non-transformed polarized epithelial cells ([@B34]). Dynamic changes of Drosha subcellular localization have been observed during different stages of cancer progression, suggesting that the variation in subcellular distribution impacts Drosha function ([@B35]--[@B37]).

Here, by taking advantage of Drosha and/or DGCR8 knock out (KO) cells, we revisited the question of where Drosha functions in cells. To our surprise, the scope of Drosha activity is beyond the nucleus even in cells under physiological conditions. We found that alternative splicing generates cytoplasmic Drosha (c-Drosha) activity, which is tissue-specific and highly regulated during tumorigenesis.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmids {#SEC2-1}
--------

ORFs of Drosha isoforms and truncation were polymerase chain reaction (PCR) amplified with specific primers from HeLa cDNA and cloned into the pcDNA6 vector (Life Technologies) with a FLAG tag in the N-terminus. A similar approach was used to generate GFP-tagged Drosha isoforms in the pEGFP-C1 (Clontech) vector. Luciferase-based Drosha cleavage reporters were created based on the psiCHECK-2 vector (Promega). Pri-miRNA cassettes containing the pre-miRNA and ∼150 nt flanking sequences from both ends were PCR amplified from HEK293T genomic DNA and inserted into the 3′ untranslated region (3′UTR) of the *Renilla* gene. Plasmids of V5-DGCR8 (\#51383), CMV-LUC2CP/ARE (\#62857) and CMV-LUC2CP/intron/ARE (\#62858) were obtained from Addgene. Primers used in cloning are listed in Supplemental Table S1.

Cell culture and transfection {#SEC2-2}
-----------------------------

HEK293T cells were maintained in Dulbecco\'s modified Eagle\'s medium (high glucose) (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone), 100 U/ml penicillin and 100 pg/ml streptomycin. Transfections were performed using Lipofectamine 3000 (Life Technologies) or PolyJet™ DNA Tranfection Reagent (SignaGen) according to the manufacturers' instructions.

Gene-editing by CRISPR/Cas-9 system {#SEC2-3}
-----------------------------------

To generate KO, we applied multiple small guide RNAs (sgRNAs) complementary to the target gene to induce random sequence insertions and/or deletions. Both strands (sense and antisense) of sgRNA sequence targeting Drosha or DGCR8 were chemically synthesized, annealed, purified and inserted at the BbsI site downstream of U6 promoter in pX330 plasmids (Addgene \#42229). Those oligo sequences are listed in Supplementary Table S1. CRISPR KO was performed according to a published protocol ([@B38]). In brief, pX330-gRNA plasmids were transfected into HEK293T cells. Forty-eight hours post-transfection, cells were split to 96-well plates with an average density of 0.5 cell/well. After single cell cloning, the genomic DNA was analyzed by Sanger sequencing to select the clones that contained frameshift mutations in all alleles. Drosha KO cells used in this study have a 5 bp deletion in exon 8 of Drosha gene. Drosha DGCR8 double KO (DKO) cells have two additional deletions in the exon 6 of DGCR8 (10 and 12 bp respectively). In both cases, these deletions cause frameshift, which abolishes the full-length protein production.

Northern blot {#SEC2-4}
-------------

Total RNA was isolated using Trizol (Life Technologies) and then electrophoresed on 15% (w/v) acrylamide/8M urea gels. After being transferred onto Hybond-N1 membranes (Amersham Pharmacia Biotech), target miRNAs were detected using ^32^P-labeled oligonucleotides. Images were analyzed by Typhoon Trio Imaging System (GE Healthcare).

Dual luciferase reporter assay {#SEC2-5}
------------------------------

A total of 100 ng of pri-miRNA reporters, Drosha and/or DGCR8 plasmids were co-transfected in triplicates into Drosha KO or Drosha/DGCR8 DKO cells in 24-well plates. Cells were harvested at 30--36 h post-transfection. Firefly luciferase and *Renilla* luciferase were then measured with Promega\'s dual-luciferase kit (catalog no. E1980) and detected by GloMax^®^-Multi Luminescence Module (Promega) according to the protocol.

Western blot {#SEC2-6}
------------

HEK293T or HeLa cells were lysed with M-PER mammalian protein extraction reagent (catalog no.78501; Thermo Scientific) with protease inhibitor cocktail (catalog no. 11836153001; Roche). About 30--80 μg protein samples were analyzed in 4--20% Mini-PROTEAN^®^ TGX Stain-Free™ Gels and electro-transferred onto a PVDF membrane (Bio-Rad). Primary antibodies used in this study are rabbit anti-Drosha (Cell Signaling; \#3364S), rabbit anti-DGCR8 (Proteintech; 10996-1-AP), mouse anti-α-tubulin (Sigma; T5168) and mouse anti-hnRNPC1/C2 (Abcam; ab10294). The images were obtained from the Chemidoc Touch Imaging System (Bio-Rad).

Immunofluorescence {#SEC2-7}
------------------

HEK293T or HeLa cells were grown on glass coverslips in 6-well plates. About 24--30 h post-transfection, the cells were fixed using 4% paraphormaldehyde and permeabilized in phosphate buffered saline (PBS) containing 0.1% Tritonx X-100. After washing with PBS and saturation with 2% bovine serum albumin, the cells were immunostained with either mouse anti-V5 antibody (Life Technologies) or mouse anti-FLAG antibody (Sigma) for 1 h at room temperature. Subsequently, the cells were washed with PBS and incubated with DyLight 488 conjugated goat anti-mouse IgG H&L (Life Technologies) for 1 h at room temperature. Image was analyzed by Zeiss LSM 710 confocal microscope.

*In vitro* transcription of Pri-miRNAs and cell based Drosha cleavage assay {#SEC2-8}
---------------------------------------------------------------------------

Plasmids containing the T7 promoter, including psiCHECK2, psiCHECK2/pri-miR-1, CMV-LUC2CP/ARE and CMV-LUC2CP/intron/ARE were used as templates after being linearized by restriction enzyme XhoI or BamHI. *In vitro* transcription was performed using mMESSAGE mMACHINE^®^ T7 ULTRA Transcription Kit (Life Technologies) according to the manufacturer\'s protocol. RNAs produced were ARCA-capped and polyA-tailed. A total of 100 ng of transcribed mRNAs were used in transfection experiments with cells growing in 12-well plates and followed by dual luciferase assay or northern blot.

RT-PCR {#SEC2-9}
------

Total RNA was isolated using Trizol (Life Technologies) and treated with DNase I by using TURBO DNA-free™ Kit (Life Technologies). Reverse transcription of mRNA was carried out with Superscript III or IV (Life Technologies) and Oligo dT. The PCR fragment used for cloning was amplified with AccuPrime™ high fidelity Taq DNA polymerase (Life Technologies). In reverse transcription of pri-miRNA, random hexamer primers were used to generate the cDNAs. The primer sequences are listed in Supplementary Table S1.

Quantitative real-time PCR (qPCR) {#SEC2-10}
---------------------------------

For quantification of Drosha isoforms, plasmids containing cDNA sequences of each isoform were used as templates to test the specificity of primers and establish standard curves. Quantitative real-time PCR of Drosha isoforms was performed with ZEN Double-Quenched Probes (Integrated DNA Technologies) on the StepOnePlus™ Real-Time PCR System (Life Technologies). The relative level of each isoform in HeLa, HEK293T and MCF-7 cells was determined with the cycle threshold (*C~T~*) value normalized to the standard curves. Quantification of pri-miRNAs was performed using PowerUp™ SYBR^®^ Green Master Mix (Life Technologies) with specific primers flanking the hairpin structure. Of note, pri-miRNAs but not the corresponding pre-miRNA will be amplified by these primer sets. Sequences of primers and probe are listed in Supplementary Table S1.

Subcellular fractionation {#SEC2-11}
-------------------------

The proteins of cytoplasmic and nuclear fractions were isolated using the Subcellular Protein Fractionation Kit (Thermo Scientific) according to the manufacturer\'s instructions. α-tubulin was used as a control for the cytoplasmic fraction and hnRNPC1/C2 was used as a control for the nuclear fraction. For RNA extraction, cytoplasmic fractions were separated with a buffer solution containing 10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 0.3% (vol/vol) NP-40 and 10% (vol/vol) glycerol. The precursor mRNAs of ACTB and GAPDH were used as a control for cytoplasmic fraction.

Bioinformatic analysis {#SEC2-12}
----------------------

For analyzing the percentage of Drosha isoforms in human tissues, the single-end samples from Illumina BodyMap 2.0 (GSE30611) were downloaded and analyzed. First, all the raw reads were mapped to human reference genome hg19 with STAR_2.3.1t ([@B39]). Only the uniquely mapped reads were used for the downstream analysis. These reads were counted against the UCSC hg19 known Gene and the exon-level counts for all genes were calculated. The read counts for Drosha in the region from exon 4 to exon 8 were extracted. These counts were then used to estimate the isoform percentages with a Poisson generalized linear model ([@B40]).

For the frequencies of Drosha exon 5 or 6 skipping events in normal and tumor tissues, MISO (version 0.5.3) ([@B41]) with a Bayesian inference algorithm was used to analyze the RNA-seq data obtained from The Cancer Genome Atlas (TCGA). MISO computed the percentage of transcripts that were spliced to include exons, known as PSI (Percentage Spliced In) (Ψ) ratios, which is the number of reads supporting exon-inclusion divided by number of reads supporting exon-inclusion and exon-skipping. We obtained RNA-seq data from CGHub using TCGA\'s BAM-Slicer service, which allowed the download of slices of RNA-seq data (.BAM files) that only contained Drosha mRNA. Only RNA-seq files that mapped to the most popular genome reference (hg19) for each set of cancer RNA-seq files were downloaded and analyzed.

Statistical analysis {#SEC2-13}
--------------------

Statistical analysis was performed by the two-tailed, unpaired Student\'s *t*-test (GraphPad Prism 6). Differences are considered significant if *P*-value is \<0.05.

RESULTS {#SEC3}
=======

Microprocessor cleavage assay {#SEC3-1}
-----------------------------

To directly measure Microprocessor cleavage activity in cells, we designed a dual-luciferase reporter in which pri-miRNA sequences were inserted into the 3′UTR of the *Renilla* luciferase gene (Figure [1A](#F1){ref-type="fig"}). The Microprocessor cleaves at the pri-miRNA structure, resulting in mRNA degradation and reduction of *Renilla* luciferase expression. Once normalized to the firefly luciferase level, the signal of *Renilla* luciferase serves as a faithful indicator of Microprocessor activity in cells (Figure [1A](#F1){ref-type="fig"}). As expected, reporters with pri-hsa-miR-16 or pri-hsa-let-7 inserted in the 3′UTR expressed at a much lower level (\>10-fold) than the empty vector control in HEK293T cells. Similar results were observed in HeLa cells, indicating the robustness of the assay (Figure [1B](#F1){ref-type="fig"}).

![Microprocessor cleavage assay. (**A**) Schematic representation of Drosha cleavage reporters. (**B**) Empty reporter or reporter containing the sequence of either pri-hsa-miR-16-1 or pri-hsa-let-7a-1 was transfected into HEK293 or HeLa cells. Dual-luciferase assays were performed 36 h post-transfection. RL-luciferase activities were normalized with FF-luciferase and the percentage of relative enzyme activity compared to the negative control (empty reporter without any pri-miRNA sequence) was plotted. Error bars represent the standard deviation from three biological replicates. (**C**) Drosha KO cells were generated by CRISPR/Cas9 in HEK293T cells. Western blot and northern blot were used to assess the expression of Drosha proteins and miR-16 respectively. Probe-miR-16 and Probe-U6 (Supplementary Table S1) were used to detect miR-16 and U6 respectively. (**D**) Drosha cleavage reporters containing either pri-hsa-miR-16-1 or pri-hsa-let-7a-1 were co-transfected with empty vectors (mock treatment) or plasmids expressing Drosha protein into Drosha KO cells. Dual-luciferase assays were performed 36 h post-transfection. Results were plotted as illustrated in (A). \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw668fig1){#F1}

Comparing reporters generates a bias due to variations in mRNA stability. There is a clear advantage to measure Microprocessor activity by comparing the expression from each reporter in the presence or absence of the Microprocessor. To this end, we generated Drosha KO in HEK293T cells by CRISPR. The loss of Drosha expression and abolishment of endogenous miRNA production were confirmed by western blotting and northern blotting, respectively (Figure [1C](#F1){ref-type="fig"}). As expected, co-expressing wild-type Drosha (Drosha-WT) from transfected cDNA in Drosha KO cells restored the repression on Drosha cleavage reporters. The same experiment had no effect on the reporter without pri-miRNA sequences, demonstrating the specificity of the assay (Figure [1D](#F1){ref-type="fig"}).

Together, we established a robust reporter system to monitor Drosha cleavage in cells, in which manipulations on both the enzyme (Drosha) and substrate (pri-miRNA) are possible.

Drosha is capable of cleaving pri-miRNA transcripts in the cytoplasm of human cells {#SEC3-2}
-----------------------------------------------------------------------------------

To understand how subcellular localization impacts Drosha activity, we created a truncated Drosha (DroshaΔ390) with a FLAG-tag and deletion of the first 390 amino acids in the N terminus where the NLS is located (Figure [2A](#F2){ref-type="fig"}). Of note, DroshaΔ390 retained the ability to form the Microprocessor and perform cleavage *in vitro* ([@B16],[@B26]). Consistent with previous publications ([@B28]), immunostaining or subcellular fractionation followed by western blot with anti-FLAG antibody demonstrated that DroshaΔ390 was located exclusively in the cytoplasm of both HEK293T and HeLa cells (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}), presumably due to the loss of the NLS. We then tested its function by co-expressing Drosha cleavage reporters with either Drosha-WT or DroshaΔ390 in Drosha KO cells. Albeit to a lesser degree than Drosha-WT, DroshaΔ390 effectively repressed the reporter containing pri-hsa-miR-16 (∼20-fold). Similar results were obtained with the pri-hsa-let-7 reporter, while no reduction was observed with the empty reporter (Figure [2D](#F2){ref-type="fig"}). Together, these results demonstrated Drosha was able to specifically cleave pri-miRNA transcripts in the cytoplasm.

![Drosha is capable of cleaving pri-miRNA transcripts in the cytoplasm of human cells in a DGCR8 dependent manner. (**A**) Diagram of Drosha domains and DroshaΔ390 construct. Nuclear localization signal (NLS) is indicated by an arrow. (**B**) Subcellular localization of DroshaΔ390 in both HEK293T and HeLa cells detected by immunofluorescence with anti-FLAG antibodies. (**C**) Subcellular localization of DroshaΔ390 in both HEK293T and HeLa cells was detected by western blotting in cytoplasmic and nuclear fractions. A-Tubulin and hnRNPC1/2 were served as cytoplasmic and nuclear marker respectively. (**D**) The cleavage activity of DroshaΔ390 and Drosha-WT (full-length) were measured by dual luciferase assay in Drosha KO cells with a reporter containing either the pri-hsa-miR-16-1 or pri-hsa-let-7a-1 sequence. Results were plotted as illustrated in Figure [1](#F1){ref-type="fig"} (B). (**E**) Drosha and DGCR8 Double KO (DKO) cells were generated by CRISPR/Cas9 in HEK293T cells. Western blot and northern blot were used to assess the expression of Drosha/DGCR8 proteins and miR-16, respectively. In northern blot, Probe-miR-16 and Probe-U6 (Supplementary Table S1) were used to detect miR-16 and U6 respectively. (**F**) The cleavage activity of DroshaΔ390 and Drosha-WT (full-length) with or without DGCR8 were measured by dual luciferase assay in DKO cells with reporter containing either pri-hsa-miR-16-1 or pri-hsa-let-7a-1 sequence. Results were plotted as illustrated before. (**G**) Pri-miR-16-1 reporter was co-transfected with either Drosha-WT or DroshaΔ390 into Drosha KO cells. Pre-miR-16-1 and mature miR-16-1 were detected by northern blot using Probe-miR-16. \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw668fig2){#F2}

To investigate whether cytoplasmic Drosha activity requires DGCR8, we generated a Drosha and DGCR8 DKO in HEK293T cells by CRISPR. The loss of Drosha and DGCR8 expression was confirmed by western blotting (Figure [2E](#F2){ref-type="fig"}). The biogenesis of miRNA was abolished and could only be rescued by co-expression of both Drosha and DGCR8 from cDNAs (Figure [2E](#F2){ref-type="fig"}). Drosha cleavage reporters were co-transfected with various combinations of plasmids expressing Drosha-WT, DroshaΔ390 or DGCR8 in DKO cells. Similar to Drosha-WT, DroshaΔ390 failed to repress pri-miRNA cleavage reporter without DGCR8, suggesting c-Drosha still needed to form the Microprocessor to exert its cleavage function (Figure [2F](#F2){ref-type="fig"}). Supporting this idea, a minor but visible portion of DGCR8 was detected in the cytoplasm of both HEK293T and HeLa cells by both immunostaining and subcellular fractionation followed by western blot (Supplementary Figure S1).

To further examine the function of DroshaΔ390, we detected the cleavage products by northern blotting. When co-transfected with a reporter containing pri-hsa-miR-16 in Drosha KO cells, DroshaΔ390 generated a cleavage product (pre-miR-16) in the same size as that of Drosha-WT. In addition, the precursors were recognized by Dicer and further processed into mature miR-16, indicating the cleavage fidelity of DroshaΔ390 was comparable to that of Drosha-WT in cells (Figure [2G](#F2){ref-type="fig"}).

Taken together, these results demonstrated that Drosha, when artificially expressed in the cytoplasm, could process pri-miRNA transcripts in a manner similar to its nuclear counterpart.

Detection of endogenous Drosha activity in the cytoplasm of human cells {#SEC3-3}
-----------------------------------------------------------------------

Encouraged by the finding that Drosha retained its pri-miRNA processing activity when ectopically expressed in the cytoplasm, we sought to determine whether such activity exists endogenously in human cells. One challenge of probing cytoplasmic Drosha activity is to distinguish it from the nuclear activity. After all, substrates expressed in cells are transcribed in the nucleus and therefore inevitably subjected to nuclear Drosha processing ([@B42],[@B43]). To rule out nuclear interference, we decided to introduce *in vitro* transcribed pri-miRNA substrates directly into cytoplasm via transfection and test whether these can be processed without going into the nucleus.

To track the location of RNA transcripts post-transfection, we used a firefly luciferase reporter in which a chimeric intron was inserted in the coding region ([@B44]). Expression of this reporter relies on localization to the nucleus, where the intron can be removed by the splicing machinery (Figure [3A](#F3){ref-type="fig"}). We made the mRNAs of firefly luciferase genes with or without the chimeric intron by *in vitro* transcription and transfected these mRNAs respectively into HEK293T cells. mRNA transcripts from *Renilla* luciferase gene were used as transfection control. Firefly luciferase activities were measured at various time points post transfection and normalized to *Renilla*. We were able to detect signals from a reporter without an intron (Figure [3B](#F3){ref-type="fig"}), indicating transfected mRNAs were translated in the cells as intended. To the contrary, signals from an intron-containing reporter were near background noise at first but became detectable after 6 h (Figure [3B](#F3){ref-type="fig"} and Supplementary Figure S2). Hence, we concluded that transfected mRNA transcripts were retained in the cytoplasm, at least during the first 6 h post-transfection.

![Detection of endogenous Drosha activity in the cytoplasm of human cells. (**A**) Schematic representation of experiment design: scenario a---no FF-luciferase signal will be detected if pre-mRNA of FF-luciferase reporter was trapped in the cytoplasm. Scenario b---FF-luciferase signal will be detected if its pre-mRNA has access to the nucleus. (**B**) mRNA of FF-luc reporter with (Fluc-intron) or without intron (Fluc) was co-transfected with mRNA of *Renilla* luciferase into HEK293T cells. Dual-luciferase assay was performed at various time points post transfection. After normalization to *Renilla* luciferase, levels of Fluc and Fluc-intron were compared to each other. The ratio of Fluc-intron level to Fluc level was plotted in the figure. Error bars represent the standard deviation from three biological replicates. (**C**) *In vitro* transcribed pri-miRNA or pri-miR-1 expression plasmid was transfected into DKO or wild-type HEK293T cells. Samples were collected at different time points post transfection as indicated. The pre-miRNA and mature miRNA were detected by Northern blot and indicated by arrows. Probe-miR-1 (Supplementary Table S1), which is the antisense sequence of miR-1, was used to detect miR-1 and pre-miR-1. \*\**P* \< 0.01; \*\*\**P* \< 0.001.](gkw668fig3){#F3}

Following this exact approach, we prepared mRNAs transcripts containing pri-hsa-miR-1 by *in vitro* transcription and transfected them into either DKO or HEK293T cells. Total RNA was harvested 3, 6, 9, 12 or 24 h post-transfection and subjected to northern blotting. As miR-1 is not expressed in HEK293T cells, we utilized the level of mature miR-1 to monitor the processing of pri-hsa-miR-1. While absent in the DKO cells, miR-1 was detected in HEK293T cells as early as 3 h post-transfection and gradually accumulated over time (Figure [3C](#F3){ref-type="fig"}). As transfected mRNAs were still in the cytoplasm 6 h post-transfection, these results demonstrated the existence of endogenous cytoplasmic Drosha activity, which was responsible for the processing of pri-hsa-miR-1 transcripts in the cytoplasm.

A subset of endogenous pri-miRNAs were detected in the cytoplasm of human cells {#SEC3-4}
-------------------------------------------------------------------------------

We next tested whether the pri-miRNA transcripts, which are endogenous substrates of Drosha, were present in the cytoplasm. Using pri-miRNA specific primers spanning Drosha cleavage sites, we performed RT-PCR on total RNA or RNA extracted from the cytoplasmic fraction of HEK293T cells. Out of nine pri-miRNAs tested, five could be detected in the cytoplasmic fraction, indicating that a certain portion of pri-miRNAs were located in the cytoplasm (Supplementary Figure S3A). mRNAs but not pre-mRNAs of either ACTB or GAPDH were detected in the cytoplasmic fraction of the same samples, demonstrating that this observation was not caused by nuclear fraction contamination (Supplementary Figure S3B).

To investigate whether these cytoplasmic-localized pri-miRNAs were processed by Microprocessor, we performed the same experiment in Drosha KO cells. The levels of pri-miRNAs were quantified by RT-qPCR and normalized to that of GAPDH mRNA, which were compared to the same measurements in wild-type cells. As expected, upon Drosha removal the overall levels of pri-miRNAs increased across the board while no increase was observed with ACTB mRNA (Figure [4](#F4){ref-type="fig"}). The degree of increment varied, indicating that each individual pri-miRNA has a distinct stability. Interestingly, the extent to which pri-miRNA accumulated in the cytoplasm correlated with the genomic location of the pri-miRNAs: for pri-miRNAs coded in the intron of the host gene (pri-hsa-miR-589, pri-hsa-miR-28 and pri-hsa-miR-374a), there was little to no change of the cytoplasmic levels, indicating that most of these pri-miRNA transcripts were repressed in the nucleus (Figure [4A](#F4){ref-type="fig"}). On the contrary, for pri-miRNAs embedded in the exon of host gene (pri-hsa-miR-10a, pri-hsa-miR-1307 and pri-hsa-miR-671) as well as pri-miRNAs transcribed from the intergenic regions (pri-hsa-miR148, pri-hsa-miR-221 and pri-hsa-miR-222), dramatic increases of cytoplasmic levels were observed, suggesting these transcripts might be subject to c-Drosha cleavage (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). However, we cannot exclude the possibility that these pri-miRNAs were processed in the nucleus. The elevated cytoplasmic level might be a result of exportation of uncleaved pri-miRNAs in the nucleus.

![A subset of endogenous pri-miRNAs were processed in the cytoplasm of human cells. The levels of pri-miRNAs in whole cell or cytoplasmic fraction were determined by real time RT-qPCR in Drosha KO cells. All values were normalized to the corresponding level in wild-type cells and plotted in the figure. (**A**) Pri-miRNAs encoded in the intron of host gene. (**B**) Pri-miRNAs encoded in the exon of host gene. (**C**) Pri-miRNAs encoded in the intergenic region. (**D**) ACTB mRNA level was used as a negative control for the effects of Drosha. Error bars represent the standard deviation from three biological replicates. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. N.S.: non-significant.](gkw668fig4){#F4}

Alternative splicing generates cytoplasmic Drosha activity {#SEC3-5}
----------------------------------------------------------

The putative NLS is encoded in the exon 6 of Drosha mRNA ([@B28]). Excluding the NLS via alternative splicing is a possible scenario to generate cytoplasmic Drosha. To test this directly, we designed two sets of primers flanking exon 6 and performed PCR on cDNAs from both HeLa and HEK293T cells. Interestingly, multiple amplicons were observed in both HeLa and HEK293T cells (Figure [5A](#F5){ref-type="fig"}). Sequencing of these PCR products revealed three novel mRNA isoforms in addition to the full-length (Drosha-FL): exon 6 skipping (DroshaΔ6), exon 7 skipping (DroshaΔ7) and skipping of both (DroshaΔ6/7). Of note, both exon 6 (96 nt) and 7 (111 nt) are relatively short and in frame. All three mRNA isoforms had the potential to generate functional Drosha with a small truncation in the N terminal domain. However, in efforts to clone the cDNA of each isoform, we found Δ6/7 skipping was always coupled with downstream out-of-frame insertions around exon 17, which made it unlikely to code a functional protein.

![Identification and characterization of Drosha isoforms in human cells. (**A**) RT-PCR was used to identify Drosha isoforms that were generated by alternative splicing in both HEK293T and HeLa cells. \# indicates non-specific amplicon or hybrid of amplicons. (**B**) Subcellular localization of Drosha isoforms in HEK293T cells were detected by GFP infusion proteins. (**C**) Western blotting was used to detect subcellular localization of Drosha isoforms in HeLa cells after subcellular fractionation. Truncated Drosha protein was detected as previous reported ([@B16],[@B59]) and marked with asterisk (\*). (**D**) Western blotting was used to assess the level of Drosha isoforms after ectopically expression in the Drosha KO cells. (**E**) Drosha cleavage reporter containing either pri-hsa-miR-16-1 or pri-hsa-let-7a-1 was co-transfected with an empty vector (mock treatment) or plasmid expressing individual Drosha isoforms into Drosha KO cells. Dual-luciferase assays were performed 36 h post-transfection. Results were plotted as illustrated before. \*\*\**P* \< 0.001. N.S.: non-significant. (**F**) Drosha KO cells ectopically expressing individual isoforms or GFP were transfected with *in vitro* transcribed pri-miR-1 transcripts. Samples were collected 6 h post RNA transfection. Wild-type HEK293T cells and cells transfected with pri-miR-1 expression plasmid was used as negative and positive controls, respectively. Probe-miR-1 (Supplementary Table S1), which is the antisense sequence of miR-1, was used to detect miR-1 and pre-miR-1 (labeled with \*) in the northern blot. See supplementary Figure S5 for results of a biological replicate of this experiment.](gkw668fig5){#F5}

Next, we sought to investigate the subcellular distribution of Drosha isoforms by expressing GFP-tagged fusion proteins in HEK293T cells. As expected, GFP-DroshaΔ6, which lost the putative NLS, was observed in the cytoplasm. However, part of GFP-DroshaΔ6 was still in the nucleus, suggesting that other elements besides the identified NLS also contributed to the nuclear location of Drosha. In addition, although both GFP-DroshaΔ7 and GFP-Drosha-FL contain the putative NLS, only the former was detected exclusively in the nucleus while the latter had a minor portion in the cytoplasm, indicating exon 7 might contain nuclear exportation signals (NES) (Figure [5B](#F5){ref-type="fig"}). To eliminate the possibility that GFP fusion affected the subcellular localization of Drosha, we over-expressed each isoform without GFP tag in HeLa cells. Ectopically expressed Drosha was detected by western blotting in either cytoplasmic or nuclear fractions. Consistent with the observations in HEK293T cells, DroshaΔ6 and to some degree Drosha-FL, were found in the cytoplasmic fraction (Figure [5C](#F5){ref-type="fig"} and Supplementary Figure S4). Note, we cannot rule out the possibility that regions other than exon 6 and exon 7 also contribute to the subcellular localization of Drosha. Neither can we determine whether the putative NLS (in exon 6), putative NES (in exon 7) or both are responsible for the subcellular localization of Drosha isoforms.

To determine the cleavage efficiency of Drosha isoforms in cells, Drosha cleavage reporters were co-transfected with the cDNA plasmid of each isoform into Drosha KO cells. Western blot experiments established that these isoforms were expressed in nearly equivalent amounts (Figure [5D](#F5){ref-type="fig"}). Consistent with the observation that the N-terminus was dispensable for cleavage activity *in vitro*, DroshaΔ6 and DroshaΔ7 (two isoforms with small N-terminal truncation) had similar cleavage activity as Drosha-FL in processing both pri-hsa-miR-16 and pri-hsa-let-7 (Figure [5E](#F5){ref-type="fig"}).

Next, we measured the c-Drosha activity of each isoform by transfecting *in vitro* transcribed pri-miR-1 into Drosha KO cells where individual Drosha isoform was ectopically expressed. As expected, northern blotting results demonstrated that pri-miR-1 transcripts were processed into pre-miR-1 in the cytoplasm efficiently by cytoplasmic Drosha isoforms (DroshaΔ6 and Drosha-FL), but not by nuclear Drosha isoform (DroshaΔ7) (Figure [5F](#F5){ref-type="fig"} and Supplemental Figure S5).

Taken together, these results demonstrated that the endogenous c-Drosha activity could be, at least in part, explained by DroshaΔ6 generated via alternative splicing.

Quantification of Drosha isoforms in human cell lines and tissues {#SEC3-6}
-----------------------------------------------------------------

To quantify the abundance of these novel isoforms, we designed a set of exon--exon junction primers, which can be used to specifically amplify each isoform and establish standard curves (Supplementary Figures S6 and 7). Real-time PCR was performed on the cDNA of multiple human cell lines: HEK293T, HeLa and MCF-7. In all samples, about 70% of Drosha mRNAs were subject to alternative splicing around exon 6 and 7, missing at least one of these two exons. DroshaΔ6, which led to cytoplasmic location, was a major isoform in all three cell lines tested (Figure [6A](#F6){ref-type="fig"}).

![Quantification of Drosha isoforms in human cells and tissues. (**A**) The amounts of each isoform in HeLa, HEK293T and MCF-7 cells were measured by RT-qPCR with isoform specific primers and the corresponding standard curves (Supplementary Figure S7). The relative level of each isoform to that of Drosha-FL was plotted in the figure. (**B**) Percentage of each Drosha isoform in human tissues. The single end samples from Illumina BodyMap 2.0 were analyzed for the Drosha isoform compositions in different human tissues using a Poisson generalized linear model. See 'Materials and Methods' section for details.](gkw668fig6){#F6}

Taking advantage of RNA-seq data from Illumina BodyMap 2.0, we analyzed the distribution of Drosha isoforms in human tissue. The landscapes of Drosha isoform profiles were vastly variable across human tissue. For instance, DroshaΔ6 is the dominant isoform in the prostate while the thyroid barely expresses any (Figure [6B](#F6){ref-type="fig"}). These results strongly suggest that c-Drosha activity is highly regulated via alternative splicing.

Cytoplasmic Drosha isoforms correlated with tumorigenesis {#SEC3-7}
---------------------------------------------------------

Previous studies have established that dysregulation of Drosha function plays a key role in cancer development ([@B7]). We hypothesize that the c-Drosha activity may also contribute to tumorigenesis. To test this, we compared the alternative splicing events of exon 6 and 7 between cancer and normal tissue based on RNA-seq data from TCGA. After analyzing over 300 breast cancer patient samples, we found that the percentage of Drosha exon 6 spliced-in was significantly lower than that of normal tissues. Interestingly, the percentage of Drosha exon 7 spliced-in was the opposite: higher in cancer tissues and lower in normal tissues (Figure [7](#F7){ref-type="fig"}). As skipping of exon 6 (DroshaΔ6) promotes cytoplasmic distribution and skipping of 7 (DroshaΔ7) enhances nuclear retention, these results strongly suggest that c-Drosha activity is enriched in breast cancer tissues. Remarkably, the same results were also obtained with colon cancer and esophagus cancer samples, indicating that c-Drosha activity is correlated with the tumorigenesis.

![The percentage spliced in (PSI) of either Drosha exon 6 or exon 7 in different normal and tumor tissues. The RNA-seq data of normal and tumor tissues was obtained from TCGA database and analyzed by MISO with a Bayesian inference algorithm. See 'Materials and Methods' section for details. (**A**) Breast tissues, including 113 normal tissues and 307 tumor tissues. (**B**) Colon tissues, including 41 normal tissues and 80 tumor tissues. (**C**) Esophagus tissues, including 13 normal tissues and 184 tumor tissues. *P*-values are labeled on the graphs.](gkw668fig7){#F7}

DISCUSSION {#SEC4}
==========

Evidence from *in vitro* biochemical studies established that the first step of pri-miRNA processing via Microprocessor happens in the nucleus ([@B25]). Here, we provide multiple lines of evidence to support the existence of cytoplasmic Drosha activity: (i) a Drosha truncation (DroshaΔ390), which was exclusively located in the cytoplasm, had the ability to cleave pri-miRNA-like reporters in a DGCR8-dependent manner. (ii) *In vitro* transcribed pri-miRNA transcripts introduced into cells via transfection were processed into mature miRNAs without entering the nucleus. (iii) A subset of pri-miRNAs were detected in the cytoplasm and levels were enriched in the cytoplasm of Drosha KO cells.

Additionally, we identified a novel isoform of Drosha (DroshaΔ6), which lost its putative NLS through alternative splicing. This finding provides a mechanism to generate and regulate the c-Drosha activity. Alternative splicing is one of the key events in the regulation of gene expression. Sequencing of the transcriptome revealed that up to 90% of multi-exon human genes are subject to alternative splicing ([@B45]--[@B47]). Our findings demonstrate the connections between alternative splicing and the miRNA pathway, offering insights into the complex gene regulation networks in cells.

The abundance of the c-Drosha isoform (DroshaΔ6) is tissue-specific and highly regulated during tumorigenesis, suggesting that it has unique biological functions in gene regulation. One possible role for c-Drosha is to process certain pri-miRNAs in the cytoplasm. It could function as a safety mechanism by ensuring the production of miRNAs from pri-miRNAs that have escaped nuclear processing. Alternatively, the c-Drosha activity could be required for upregulating the levels of miRNAs whose pri-miRNAs are specifically transported into the cytoplasm. In support of this, we found that levels of exonic pri-miRNAs in the cytoplasm increased when c-Drosha activity was removed. Of note, more than one-third of intronic miRNAs have their own promoters, decoupling their transcriptions from the host gene ([@B10],[@B48]--[@B50]). These intronic pri-miRNAs are not necessarily trapped in the nucleus and are potential substrates of c-Drosha as well. In such a scenario, the biogenesis of these miRNAs will no longer depend on the function of exportin-5 as long as the corresponding pri-miRNAs are exported out of the nucleus. In line with this, a recent report demonstrated that the levels of many miRNAs were reduced but not abolished in exportin-5 KO cells ([@B51]).

However, there is also evidence arguing that pri-miRNA processing is not the main function of c-Drosha. Given that microprocessor consists of one subunit of Drosha and two of DGCR8 ([@B26]), the modest amount of cytoplasmic DGCR8 (Supplementary Figure S1) is unlikely to be sufficient for all the c-Drosha to be in the form of the Microprocessor. In addition, as discussed before, the results that pri-miRNA increases upon Drosha KO are open to alternative interpretations. For exonic miRNAs, their pri-miRNAs are indistinguishable from the host mRNAs. Pri-miRNA increase may reflect an increase in mRNA resulting from the decrease in cleavage of the miRNA from exons in the Drosha KO cells. Finally, a recent study showed that the pri-miRNA processing efficiency is not correlated with the expression level of cytoplasmic Drosha isoform ([@B52]). We demonstrated that c-Drosha exists and is capable of processing pri-miRNA. However, it is unsettled whether or not a fraction of pri-miRNAs are processed in the cytoplasm. Further study is required to determine the degree to which the c-Drosha activity contributes to the cellular miRNA profile.

Genetic evidence indicates Drosha has additional roles beyond miRNA biogenesis ([@B53]). Recent reports suggest a function for Drosha in degradation of certain mRNAs that contain pri-miRNA-like stem-loop structures ([@B54]--[@B58]). It is intriguing to hypothesize that c-Drosha targets a novel set of RNA transcripts, mRNAs for example and regulates their stabilities. Our analysis of RNA-seq data from TCGA showed that c-Drosha expression is up regulated in multiple cancer tissues. c-Drosha might function as an oncogene by targeting mRNAs of tumor-suppressor genes for degradation. Further investigation on the function of c-Drosha may extend our understanding of the Drosha regulatory network and provide novel targets for cancer therapeutics.
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